Mass bleaching associated with unusually high sea temperatures represents one of the greatest threats to corals and coral reef ecosystems. Deeper reef areas are hypothesized as potential refugia, but the susceptibility of Scleractinian species over depth has not been quantified. During the most severe bleaching event on record, we found up to 83% of coral cover severely affected on Maldivian reefs at a depth of 3-5 m, but significantly reduced effects at 24-30 m. Analysis of 153 species' responses showed depth, shading and species identity had strong, significant effects on susceptibility. Overall, 73.3% of the shallow-reef assemblage had individuals at a depth of 24-30 m with reduced effects, potentially mitigating local extinction and providing a source of recruits for population recovery. Although susceptibility was phylogenetically constrained, species-level effects caused most lineages to contain some partially resistant species. Many genera showed wide variation between species, including Acropora, previously considered highly susceptible. Extinction risk estimates showed species and lineages of concern and those likely to dominate following repeated events. Our results show that deeper reef areas provide refuge for a large proportion of Scleractinian species during severe bleaching events and that the deepest occurring individuals of each population have the greatest potential to survive and drive reef recovery.
Mass bleaching associated with unusually high sea temperatures represents one of the greatest threats to corals and coral reef ecosystems. Deeper reef areas are hypothesized as potential refugia, but the susceptibility of Scleractinian species over depth has not been quantified. During the most severe bleaching event on record, we found up to 83% of coral cover severely affected on Maldivian reefs at a depth of 3-5 m, but significantly reduced effects at 24-30 m. Analysis of 153 species' responses showed depth, shading and species identity had strong, significant effects on susceptibility. Overall, 73.3% of the shallow-reef assemblage had individuals at a depth of 24-30 m with reduced effects, potentially mitigating local extinction and providing a source of recruits for population recovery. Although susceptibility was phylogenetically constrained, species-level effects caused most lineages to contain some partially resistant species. Many genera showed wide variation between species, including Acropora, previously considered highly susceptible. Extinction risk estimates showed species and lineages of concern and those likely to dominate following repeated events. Our results show that deeper reef areas provide refuge for a large proportion of Scleractinian species during severe bleaching events and that the deepest occurring individuals of each population have the greatest potential to survive and drive reef recovery.
Introduction
Coral reefs are among the most diverse ecosystems on the planet. They constitute a large proportion of tropical marine biodiversity and provide essential food and services for at least 850 million people [1] , generating an economic value of US$9.9 trillion [2] . Many of the world's reef systems have undergone significant declines during previous decades from a range of human impacts [3, 4] with 75% of the world's reefs rated as threatened by a combination of local pressures (e.g. overfishing, development, pollution) and thermal stress [1] . Recorded mass coral bleaching events and projections of further ocean warming had already prompted dire warnings about the future of coral reefs by the end of last decade [5, 6] , including conclusions that climate change was the dominant factor in determining the outlook for major reef systems such as the Great Barrier Reef [7, 8] . The most recent of four global mass bleaching events, which began in 2015 and continued at least into the first half of 2016, raised concerns further, with unprecedented damage from elevated sea surface temperatures reported from many of the world's coral reef regions [9, 10] . Understanding the impacts of these coral bleaching events and identifying potential refugia are crucial in guiding humanity's endeavours to improve the outlook, both for coral reefs and for the millions of people in tropical countries who depend directly upon them.
The extent and severity of coral bleaching impacts are commonly assessed using aerial surveys and shallow snorkel or scuba diving, typically at less than 10 m depth. For example, a recent, large-scale study of the 2016 bleaching event used aerial surveys and in-water surveys to 3 m depth [10] . Such surveys have demonstrated the potential for high variability in spatial [11] and taxonomic [12, 13] patterns of bleaching, leading to suggestions that effective management of coral reefs in the face of climate change requires identification and management of coral reefs for spatial resilience [14] . However, because many studies are limited to shallow depths, the effects of bleaching on the extensive reef areas that occur at greater depths remain poorly understood.
The data available for deeper reef areas during severe mass bleaching events are both limited and contradictory, with some reports of decreased bleaching with depth and others of no variation or even increased effects with depth [15] [16] [17] [18] (summarized in [19] [20] [21] ). These contrasting findings may reflect local variation in both species composition and the depth distribution of individual species down reef slopes: susceptibility to bleaching varies considerably between coral groups [12, 13] . The spatial patchiness of coral bleaching across local assemblages can also vary widely over relatively small spatial scales [11] , potentially confounding field assessments of depth variation in bleaching impact. In addition, variation in bleaching over depth is mostly only quantified to the level of genus or morphotype to depths of 6-8 m [12, 22] . This uncertainty and lack of data mean that survey results from shallow waters cannot be extrapolated to the deeper waters and the potential for deep-reef areas to act as a refuge remains unclear. Where deeper populations do survive, they may constitute an important source of larval recruits to initiate coral recovery in shallow waters [20, 21] and mitigate local extinctions [23] . However, due to the limited assessment of species-specific responses to bleaching across depth, it is unclear which coral species may be afforded protection in deeper waters. Here, in the face of increased frequency and severity of bleaching events with global climate change [24, 25] , we address this gap in knowledge. To do so, we investigated the bathymetric, ecological, spatial and biological signature of a major coral bleaching event that affected much of the Republic of Maldives in 2016 [9, 26] . figure S1 ). The atoll is approximately 1800 km 2 in area with numerous islands and thilas, low to moderate human impacts from resort development and local populations, and generally high water clarity (figure 1). Sea surface temperature data and chlorophyll concentrations (a proxy for water clarity) were obtained from remote sensing data [27, 28] for several locations in the study area (see electronic supplementary material, figure S1) using the ncdf4 package in R v. 3.3.1. Bathymetric and taxonomic patterns of bleaching were characterized at 10 locations, distributed over an approximately 500 km 2 area. At each location, three reefs separated by 0.1-1.1 km were investigated using scuba (nitrox) at three depths: 3-5 m, 9-11 m and 24-30 m.
Material and methods
For overall community impact data, three replicate surveys were conducted at each depth using the Reef Health and Impact Survey protocol [29] . In this protocol, randomly selected replicate circular quadrats of 5 m in radius were assessed for proportional coral cover, proportion bleached and bleaching severity for eight categories of growth form (branching, corymbose, plate, foliose, encrusting, free-living, massive, soft corals). Bleaching severity was assessed on the basis of most common tissue colour. For analysis, we focused on four categories: unaffected, light, moderate and severe/recently dead (electronic supplementary material, table S1).
A detailed taxonomic characterization of bleaching impact was compiled during timed swim surveys along the slope of 17 -20 min duration at each depth. Individual coral colonies were identified to species level and scored for level of colony bleaching on the basis of tissue colour and proportion of colony affected (electronic supplementary material, table S1). Corals shaded from direct sunlight over the majority of their upper surface by overhanging coral or reef substrate were noted. To maximize the area surveyed and number of species included in the available time, a maximum of 7 -10 individuals per species were assessed per swim search.
Identification of corals was conducted according to [30] [31] [32] [33] , either in situ or from high-resolution macro photographs (Olympus E410 DSLR, 14-54 mm lens) and samples of colonies (with MRC permit) that were analysed later in the laboratory. We used the results and collection from a large taxonomic study of the area conducted previously by one of the authors [33] and 2 days of pre-sampling to determine the species present. Over 2500 macro images and 41 treated coral samples (10% hypochlorite solution for 24 h) were analysed with reference to the Queensland Museum State Collection and a large image library. Specimens were registered into the Collection (G718920-G718960). Species of the genera Montipora, Goniopora, Psammocora and Porites only distinguished by microscopic examination of dried skeletal material were grouped into categories based on colony morphology.
Bleaching severity categories are often analysed as continuous measurements under the assumption that the errors are normally distributed and the categories are ordinal and equidistant. Although the categories are ordinal, the assumption that the categories are equidistant is difficult to justify biologically, because it implies that the loss of zooxanthellae and thus the decline in coral health between categories 0 and 1 is the same as between categories 2 and 3. Given that the errors are unlikely to be normally distributed (electronic supplementary material, table S1) and we have no data on the magnitude of the biological change between bleaching categories, we treated bleaching severity categories as an ordinal response. With this approach, predicted values are the probability of observing a particular category, and the proportion of corals moderately or severely bleached is recovered by summing the probabilities of the corresponding bleaching categories. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171551
Analyses were implemented in the MCMCglmm package in R v. 3.3. 1 specifying the distribution of the response variable as a threshold variable and a probit link function (electronic supplementary material, analytical details). For community impact data, we used a generalized linear mixed model to determine the effects of depth, morphotype and spatial variation on bleaching severity. Our model considered depth and morphotype as fixed effects, but not their interaction, because not all morphotypes were present at all depths. Three morphotypes (soft corals, free-living and foliose) were excluded due to insufficient data. The proportion of the substrate covered with live coral declined with increasing depth (electronic supplementary material, figure S2) ; therefore, to allow comparisons of bleaching severity among depths and locations that were independent of differences in coral cover, we used the log þ 1 transformed proportion of live coral as a covariate. Location, reef nested within location, and quadrat nested within reef and location were considered as random effects.
For species-specific data, we used a phylogenetic generalized linear mixed model to determine the effects of depth, shading and species identity on bleaching. Fixed effects were depth, shading and depth Â shading interaction, and random effects were phylogenetic, species-level and location. Species identity effects were calculated from the evolutionary distance between species according to [34] , using the Scleractinian phylogeny of [35] , and were partitioned into phylogenetic and species-level effects (see supplementary electronic material, analysis details). Relative extinction risk was calculated from bleaching susceptibility, relative abundance and proportion of sites where a taxon was detected [36] .
To explore the influence of changes in species composition on the relationship between depth and bleaching, we also analysed a subset of the data that contained all species with more than two observations at each depth. The only fixed factor included in the model was the depth considered at three levels. For the random effects we assumed an unconstrained covariance structure and fitted depth-specific intercepts for the phylogenetic, species and location effects.
Results
Assessments conducted during the peak of the bleaching event (figure 1) recorded up to 83% of coral cover severely bleached in shallow waters (3-5 m) . Analysis of data from 10 locations and 28 reefs showed that maximum impacts occurred at the shallowest depths surveyed (3-5 m), with severity decreasing significantly with depth (figure 2a; electronic supplementary material, table S2). Overall, the probability of a morphological category having moderate to severe bleaching, corrected for differences in proportional coral cover, was 0.95 at a depth of 3-5 m but only 0.59 at 24-30 m. Interestingly, we found a significant positive relationship between bleaching and coral cover: areas with more live coral experienced proportionally greater bleaching independent of the effects of depth. Moreover, massive morphotypes were significantly less susceptible to moderate and severe bleaching than other morphotypes. Spatial variation in bleaching intensity among locations (tens of kilometres), reefs (hundreds of metres) and quadrats (tens of metres) accounted for a total of only 9.7% of the variation in bleaching.
A total of 6859 corals from 191 species and 55 genera were assessed for their individual bleaching response. A phylogenetic generalized linear mixed model of data from 153 species with sufficient data for analysis (n . 2) showed that depth, shading and phylogenetic effects significantly affected bleaching susceptibility (figures 2b and 3; electronic supplementary material, tables S3 and S4). Overall, individuals at the 3-5 m depth were 2.5 times more likely to be moderately or severely bleached than those at 24 -30 m (unshaded microhabitats) and corals in unshaded microhabitats at the 3 -5 m depth were 1.3 times more likely to be moderately or severely bleached than those in shaded microhabitats (figure 2b). Shading effects did not vary significantly over depth: corals in deeper shaded habitats received similar protection to shallower shaded corals. Overall, species identity-the combined contribution of phylogenetic and species-level effects-accounted for 33.2% of the variation in bleaching (figure 3; electronic supplementary material, table S3). As with the community-level data, spatial variation explained relatively little (2.4%) of the variation in bleaching.
A further analysis of only depth-generalist species (n . 2 at each sampled depth) indicated that the strong depth and phylogenetic effects presented above were robust to differences in species composition among depths (electronic supplementary material, table S5). Phylogenetic effects did not vary significantly with depth, but species-level effects varied significantly and were greater at shallow depths. The most bleachingsusceptible species at 3-5 m are also likely to be the most susceptible species at 9-11 m and 24-30 m, but the difference in bleaching between the most susceptible and least susceptible species was greater in shallower habitats than in deeper habitats (greater species-level variance at 24-30 m).
Estimates of relative extinction risk for 179 species with sufficient data predicted many 'safe' lineages, with at least one species at only low to moderate risk (figure 3; electronic supplementary material, table S4). Lineages at high risk included Dipsastraea (main clade, formerly Indo-Pacific Favia), Echinopora, Lithophyllon, Pavona, Coscinareae, Montipora, Isopora and Anacropora, which contained only species with high extinction risk. Species for which only severely bleached individuals were detected had the highest extinction risk, and included Anacropora forbsei, Coscinareae exesa, Echinopora horrida, Herpolitha weberi, Montipora foveolata, M. spumosa, M. tuberculosa, Pavona maldivensis, A. anthocercis and A. monticulosa. Conversely, taxa with low bleaching susceptibility and/or low extinction risk included genus Porites, several species of genera Acropora and Pocillopora, and species from genera Turbinaria, Pavona, Astreopora, Leptastrea, Pachyseris, Echinophyllia and Mycedium.
Discussion
Mass bleaching has recently devastated coral reefs across the globe [10] and here we found up to 83% of coral cover on shallow reefs in the Maldives severely affected. However, studying the detailed response of 191 coral species over depths from 3 to 30 m indicated a strong decline in bleaching effects with depth and surprising resilience for some coral taxa. We identified species and lineages least and most vulnerable, as well as habitat-mediated factors (depth and shading) that mitigate bleaching effects. Such information is critical to understanding how reef-coral assemblages will respond to extreme weather events (characterized by high sea temperatures, calm seas and clear water) widely predicted to increase in frequency and severity [6, 24] . The deep reef has long been suggested as a potential refuge for corals during severe mass bleaching events [20] , but there are few quantitative data at the level of species to test this hypothesis. Reduced bleaching in deeper reef areas has been reported for some events [15] [16] [17] [18] [19] [20] [21] , but species composition varies considerably with depth [37] and it is unclear if those reported reductions in bleaching were related to varying susceptibilities of the different species at different depths. Depth effects on mass bleaching have been quantified for many genera and several species [12, 22] , but only for relatively shallow depths (5-8 m) . Here, we found reduced bleaching at the 24-30 m depth for the great majority of species. Moreover, of the 180 species present in the shallow reef (3-11 m), 136 were first quartile second quartile third quartile fourth quartile phylo-susceptibility total susceptibility extinction risk Figure 3 . Total susceptibility to mass bleaching (centre ring) was strongly determined by phylogenetic effects (inner ring) but also showed wide variation within lineages. Many lineages have at least one species with low relative extinction risk (outer ring). Susceptibilities derived from a generalized phylogenetic linear mixed model using a phylogeny of the Scleractinia [35] , with the median tree shown here. Species with missing values for phylogenetic and total susceptibility had insufficient data for full analysis. Relative extinction risk was calculated according to [36] . Details in electronic supplementary material, tables S3 and S4. (Online version in colour.) rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171551 also present in deeper waters (24-30 m) and of these, 132 showed reduced bleaching. Less affected deep populations could therefore preserve a significant proportion of the assemblage and provide a potential source of larval recruits to drive population recovery in shallow parts of their depth distributions. As mass bleaching and tropical storm events are predicted to become increasingly common [6, 24] , potential sources of recruits may be critical to rates of recovery and reef resilience. Not all deep-reef-coral populations may be able to provide recruits for shallow-reef recovery [21, 38] as some have only limited connectivity with their shallow-reef counterparts [38] , but we found that a significant proportion of the assemblage were afforded some protection in deeper waters.
We also found that relatively shallow waters provided potential refuge, despite high water clarity during the bleaching event ( figure 1) . Overall, corals at a 10 m depth were 1.3 times less likely to be severely bleached than those at 3-5 m, and 70.8% of the exclusively shallow water species had reduced bleaching at the 10 m depth (figure 2b; electronic supplementary material, table S3 and figure S3 ). We found that the deepest occurring individuals in each population are the most likely to survive and drive reef recovery, suggesting a strong selective advantage among those individuals. Whereas maximum depth distributions of reef corals are often constrained by the limited availability of light [37, 39, 40] , minimum depths and longevity may be further constrained by excessive light and heat during mass bleaching events. Minimum depths for longterm coral viability would thus be expected to deepen in response to repeated mass bleaching events.
Our findings have important implications for how surveys of bleaching are conducted. Currently, aerial and shallow in-water surveys are widely used as they provide synoptic information on large-scale events spanning thousands of kilometres (e.g. [10] ). However, our results indicate that shallow water surveys should be interpreted with caution when estimating the extent and ecological implications of bleaching events. Surveys outside of the shallows are required to understand the overall impact of bleaching and to identify potential surviving populations as part of a resilience-based management response to the threats from climate change [14, 41, 42] .
Shading by the reef's topography has the potential to preserve individuals that could drive reef recovery [41] , but again individual species responses have not been previously reported. Mass bleaching is primarily due to unusually high seawater temperatures combined with high levels of solar radiation [43, 44] , and reduced bleaching is reported for areas of reef in shaded or turbid conditions [10, 41, 45] . We found a wide range of coral species in shaded microhabitats with reduced bleaching effects; surprisingly, this protective effect did not decrease in deeper waters where levels of solar radiation are much reduced. Although shading had a relatively minor effect on bleaching severity relative to depth, it did provide significantly greater protection to certain species and at certain sites (electronic supplementary material, table S6), a potentially important basis for the maintenance of overall species richness at local and regional scales.
Whereas, in most studies, susceptibility to mass bleaching has been documented mostly only to genus and for shallow waters [10, 12, 13, [46] [47] [48] [49] , we found that species responses varied widely within several important genera (figure 3; electronic supplementary material, figure S3 ). For example, the dominant genus Acropora is widely accepted as highly susceptible to mass bleaching [12, 13, 47 ], but our species-level data to 30 m depth showed many of the 51 species were only moderately to slightly susceptible. Such variations are important: susceptibility is used to predict how reef assemblages will respond to repeated mass bleaching events and those taxa potentially at risk [36] . Using an extinction index that accounted for species susceptibility over depth, population size and spatial prevalence [36] , we identify numerous species at risk of local extinction, including 10 for which only severely bleached individuals were detected (figure 3; electronic supplementary material, table S4). Conversely, species with a low relative extinction index are predicted to dominate habitats impacted by bleaching events. Consistent with the depth refuge concept, species with a large proportion of their population in deeper reef areas (e.g. Mycedium elephantotus, Leptoseris hawaiiensis, A. granulosa and Echinophyllia aspera) showed low relative extinction risk, often as the sole low-risk species of a clade (figure 3). The strong phylogenetic and species-level components in susceptibility resulted in mixed extinction risk for many coral lineages; however, several contained only highrisk species and are of concern. Some of the taxa we estimated as high risk are rated 'least concern' on the IUCN Red List [50] ; indeed many taxa estimates differed markedly (electronic supplementary material, table S4). We assessed extinction risk only from severe bleaching, but given the recent history, the Red List may need to incorporate species-specific responses to bleaching across depth in the conservation status of reef-coral taxa. Clearly, many factors affect vulnerability to mass coral bleaching including regional differences in susceptibility, severity and frequency of events and connectivity, but we provide estimates of extinction risk from bleaching for a large proportion of the common Indo-Pacific species.
The history of mass bleaching for the area studied is more extreme than for many reef areas and provides an opportunity to examine the effects of repeated events. Several mild to severe events have occurred at the Maldives since 1998 [18, 25, 49, 51] , and we found evidence for both local extinction and unusual resistance. Three of the most common and widespread reef species (Stylophora pistillata, Seriatopora hystrix and Millepora spp.) reported to be highly sensitive to mass bleaching [12, 13, 47] were not detected during our extensive study (30 reefs over a 500 km 2 area) or by others in the area [49, 51] , and may be locally extinct. These species have deep depth distributions, and while they do not appear to have been protected by deep-reef refuge, there is a possibility of remnant populations at depths beyond those studied here [19, 52] . By contrast, the common Pocillopora species P. damicornis, P. verrucoa and P. meandrina, also widely reported as highly susceptible [10, 18, 47] , here showed low susceptibility, with numerous unbleached individuals (figures 3 and 4; electronic supplementary material, table S4). Acquired resistance mediated by resistant clades of endosymbionts or adaptation of the coral host have been suggested to account for unusually low susceptibility [53] and decreased susceptibility over time for some genera [48] . Many of our estimates of bleaching susceptibility differ from previous reports [10, 12, 13, [46] [47] [48] , and this may not be just due to our species-level and depth resolution, but also reflects the strong history of bleaching of the area studied. While much attention is rightly focused upon potential refugia in small geographical areas or the deep reef to preserve small populations of certain species [4, 21, 38, 54] , our findings suggest opportunities for improving the resilience of coral assemblages across a wide range of reef areas. We show that the deep-occurring individuals of populations, some at a depth of as shallow as 10 m, had lower levels of bleaching and the greatest potential to drive reef recovery. While deep corals were less impacted by bleaching, they may be vulnerable to other impacts and require special management efforts to be preserved. Given the current climate trajectory and likelihood of repeated severe mass bleaching events, our findings indicate that the deep may well inherit the reef, provided we protect the deep.
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